Background and Aim: The prohibitively high cost of direct-acting antivirals (DAA) for hepatitis C virus (HCV) infection remains a barrier to treatment access in Singapore. We aimed to evaluate whether DAA as first-line therapy would be cost-effective for genotype 3 (GT3) HCV patients compared with pegylated interferon and ribavirin (PR). Methods: A decision tree analysis was used to compare the costs and outcomes of DAA and PR as first-line therapy. Treatment effectiveness, defined as sustained virological response, was assessed using a retrospective cohort of treated GT3 HCV patients. Direct medical costs were estimated from the payer's perspective using billing information. We obtained health utilities from published literature. We performed extensive one-way sensitivity analyses and probabilistic sensitivity analyses to account for uncertainties regarding the model parameters. Results: In base case analysis, first-line therapy with DAA and PR yielded qualityadjusted life years (QALYs) of 0.69 and 0.62 at a cost of USD 54 634 and USD 23 857, respectively. The resultant incremental cost-effectiveness ratio (ICER) (USD 449 232/QALY) exceeded the willingness-to-pay threshold (USD 53 302/QALY). The ICER was robust for uncertainties regarding the model parameters. The cost of DAA is the key factor influencing the cost-effectiveness of HCV treatment. At current price, DAA as first-line therapy is not cost-effective compared with PR, with or without consideration of retreatment. Threshold analysis suggested that DAA can be costeffective if it costs less than USD 17 002 for a 12-week treatment course. Conclusion: At current price, DAA as first-line therapy is not cost-effective compared with PR in GT3 HCV patients in Singapore.
Introduction
Chronic hepatitis C virus (HCV) infection is a common cause of decompensated liver cirrhosis, hepatocellular carcinoma (HCC), and death. It is estimated to affect more than 71 million people, 1 resulting in a rising trend in HCV-related morbidity and mortality worldwide. 2 In the recent Global Burden of Disease Survey, viral hepatitis accounted for 1.45 million deaths per annum, whereby 48% were due to chronic HCV infection. 3 The estimated HCV-related health-care cost is expected to rise from $6.5 billion and peak at $9.1 billion in 2024 in the United States. 4 In view of this, the World Health Organization (WHO) has set goals to eliminate viral hepatitis by the year 2030. Successful treatment of HCV with sustained virological response (SVR) has been shown to reduce liverrelated morbidity and mortality and HCV-related extrahepatic complications, reduce transmission of HCV, and improve quality of life. [2] [3] [4] [5] Genotype 3 (GT3) HCV infection is highly prevalent in South and Southeast Asia, including Thailand, Malaysia, and India. 6 In Singapore, the estimated prevalence of HCV is approximately 0.1% based on estimations by the Ministry of Health, with genotypes 1 (GT1) and 3 (GT3) being the most common. 7 Prior to the direct-acting antiviral (DAA) era, a combination of pegylated interferon and ribavirin (PR) was the mainstay treatment, with SVR ranging from 40% to 70%. 8, 9 The high incidence of the CC polymorphism at the interleukin 28B (IL-28B) gene among Asians is associated with SVR rates between 78% and 92% when treated with interferon-based regimens. Due to the high baseline prevalence of the CC IL-28B polymorphism in the Southeast Asian population, there is an inherent advantage of using PR due to its high treatment response rates. 10 Coupled with the low cost of PR, there is a strong economic argument for using PR as the first-line treatment and rationing DAA to those who fail treatment or are intolerant to PR. Nevertheless, the concerns of conventional PR treatment included longer treatment duration, more adverse effects, various contraindications for treatment initiation, and the need of a subcutaneous injection.
The introduction of highly effective oral DAA has revolutionized the treatment of HCV, allowing patients with more advanced disease to be treated over a shorter duration with excellent SVR rates beyond 95%. [11] [12] [13] DAA are safe, have minimal side effects, and are easy to administer, making them much easier to deliver on a national scale if the elimination of HCV is to be achieved. However, the prohibitively high cost of DAA remains a barrier for treatment access in many developing countries, including the Asia-Pacific region. Despite the high cost of DAA, it is widely accepted to be cost-effective as it takes longterm health gains into account.
14 In addition, PR therapy for GT1 has poor treatment outcomes and longer treatment duration, adding to the cost of therapy, thereby making a compelling argument for the use of DAA as first-line therapy. However, the same cannot be extrapolated to GT3, in which treatment with PR is associated with shorter treatment durations and higher SVR rates. The data on the cost-effectiveness of DAA in the treatment of GT3 HCV infection are limited. Current available literature has shown that the use of sofosbuvir (SOF)-based DAA regimens are not cost-effective as first-line treatment at their initial listing prices when compared to PR. [15] [16] [17] A Swiss study suggested that DAA with a SOF-based regimen were indeed cost-effective, but the comparator was a 12-week regimen of SOF and PR versus a 24-week regimen of SOF and ribavirin. 18 A more informative comparison would have been between a 12-week SOF-based regimen with PR and SOF-based regimens of equal duration.
Economic evaluations of DAA regimens among HCV patients in exclusively Asian populations remain scarce, and outcomes varied between countries because of the diversity of HCV genotype, ethnicity, and cost of DAA. [19] [20] [21] [22] In Singapore, a study conducted on GT1 HCV patients showed that boceprevir, a first-generation DAA, was cost-effective compared with standard combination treatment using PR alone. 23 However, it is unknown whether DAA is cost-effective compared with PR for the treatment of GT3 HCV infections in Singapore. Hence, the aim of our study, based on the current and the anticipated reduced cost of DAA regimens, is to examine whether it is cost-effective to use it as first-line treatment instead of PR. Secondly, we also wish to determine the price threshold at which DAA regimens will be costeffective compared with PR to inform value-based pricing negotiations and policies.
Methods
A decision tree analysis based on a retrospective analysis of 91 consecutively treated patients at Changi General Hospital (CGH) in Singapore was performed. CGH is a large district general hospital that serves the eastern population of Singapore. Prior to January 2018, a universal drug subsidy was only available for PR but not for DAA. As a result, treatment-naïve, noncirrhotic, and compensated Childs A cirrhotic patients with GT3 HCV were treated with PR; DAA was rationed for patients with decompensated liver cirrhosis or with contraindications to PR, as well as for those who were PR treatment-experienced. Model overview. A decision tree model was constructed to compare costs and quality-adjusted life years (QALYs) of DAA and PR for the treatment of GT3 HCV infection from the payers' perspective ( Fig. 1) . The payers' perspective was chosen as outof-pocket expenses are substantial for HCV treatment in Singapore. A cohort of treatment-naïve GT3 HCV patients treated in our institution was simulated. We compared the cost of 12 weeks of SOF, daclastavir (DAC), and ribavirin (SOF + DAC + ribavirin) against 24 weeks of PR at undiscounted prices applicable in 2016 as the base case analysis. To better reflect real-world practice, patients who had failed PR were retreated with DAA in the simulated decision tree. Patients who failed primary DAA therapy were retreated with a second course of rescue DAA. Patients who failed two treatment courses, including retreatment, were considered to have failed treatment. Costs and outcomes were simulated over a 72-week time period. This time horizon was chosen because both treatment arms would have completed two courses of treatment in order to assess the attainment of SVR following completion of treatment. We use SVR as our treatment end-point, which is defined as SVR 24 weeks after completion of PR and SVR 12 weeks after completion of DAA regimens.
To account for alternative treatment scenarios with the use of DAA regimens other than SOF + DAC + ribavirin, with and without retreatment, we also modeled for scenarios 2 and 3. The second scenario was modeled on the discount price of DAA and PR using the sofosbuvir and velpastavir (SOF + VEL) regimen and took the retreatment of primary failure into account. The third and final scenario was modeled for the use of SOF + VEL against PR, at a discounted price without retreatment of primary failures. HCV RNA load was measured using an Food and Drug Administration-approved quantitative real-time polymerase chain reaction assay for HCV RNA (Roche COBAS Ampliprep/Taqman version 2.0, Roche Molecular System, New Jersey, USA) with a lower detection limit of 12 IU/ml.
Model population. The SVR data obtained from all GT3 HCV patients treated at CGH from 2014 to 2017 were included in the analysis. Patients with human immunodeficiency virus or hepatitis B coinfection were excluded from this analysis. The demographic data and treatment outcomes are summarized in Table 1 . A total of 75 and 16 patients received PR and DAA as first-line treatment, respectively. The overall SVR and SVR in patients treated with DAA and PR was 81.3, 88.2, and 79.8%, respectively. These SVR rates were supplemented with published Asian literature and then applied to the decision tree model. The ranges used in sensitivity analyses were supplemented from published clinical trials of DAA or US populations when no Asian data were available.
Costs. A payer's perspective was adopted and included all direct health-care costs using billing information from the same cohort of GT3 HCV patients treated at CGH. The overall treatment cost, which includes the cost of medications (i.e. DAA, PR, and medications used to manage the associated side effects such as erythropoietin), outpatient visits, emergency department visits, and hospital admissions because of disease or treatment-related complications, were all included in the analysis.
Health utilities. Health utilities were obtained from published data. 24, 25 At the beginning of the analysis, all patients had a baseline utility of 0.93. A disutility was applied to the PR arm to reflect the negative impact on patient's quality of life due to the use of subcutaneous injections. 26 In addition, we applied a disutility for treatment failure to reflect disease progression based on Asian literature. 24 Patients who achieved SVR were assumed to return to perfect health for the rest of the modeled duration, up to 72 weeks as per prior published literature. 6 Cost-effectiveness analysis. The incremental costeffectiveness ratio (ICER) per QALY was estimated for DAA and compared with PR. The resultant ICER was interpreted against a willingness-to-pay (WTP) threshold, equivalent to Singapore's per capita gross domestic product (GDP) in 2016 (i.e. USD 53 302/ QALY), to determine if DAA is cost-effective compared with PR. As there is no explicit WTP threshold available in Singapore, we adopted the WTP threshold equivalent to the per capita GDP following a similar cost-effectiveness study performed on Singaporean GT1 HCV patients. 25 Sensitivity analyses. A one-way sensitivity analysis was performed on all parameters over a set of plausible ranges from our dataset and published literature ( Table 2) . Probabilistic sensitivity analysis was performed to account for the uncertainty of model parameters concurrently using a Monte Carlo simulation with 10 000 iterations. We used triangular distributions for all parameters. In addition, we performed the following scenario analyses: 1) we used the discounted prices of DAA (USD 32 325 over 12 weeks) and PR (USD 287/week) to re-estimate the ICER, and 2) no retreatment was performed for those who had failed DAA as first-line therapy. The model development and analyses were performed using TreeAge Pro Healthcare 2015 (TreeAge Software, Inc., Williamstown, MA, USA).
Results
In base case analysis, first-line treatment with DAA using SOF + DAC + ribavirin and PR yielded a QALY of 0.69 and 0.62 at a cost of USD 54 634 and USD 23 857, respectively. The resultant ICER of DAA (SOF + DAC + ribavirin) compared with PR was USD 449 232/QALY. Using a WTP threshold of USD 53 302/ QALY, it was found that SOF + DAC + ribavirin is not costeffective compared with PR.
One-way sensitivity analyses showed that the base case ICER was robust for variations in the model parameters (Fig. 2) . The cost of DAA regimens was the key driver influencing costeffectiveness. Threshold analysis suggested that DAA regimens become cost-neutral when the weekly cost of DAA is USD 1416.8 (Fig. 3) . In order for DAA regimens to be considered cost-effective as first-line therapy, a 12-week regimen of DAA should not exceed USD 17 002. The price of both DAA and PR has reduced since 2016. To answer this question at today's price, we modeled for alternative scenarios and applied the current discounted price of DAA (using sofosbuvir and velpastavir [SOF + VEL] regimen) and PR at the cost of USD 2577/week and USD 287/week, respectively. The resultant cost per therapy to attain an SVR using SOF + VEL as first-line therapy, with and without consideration of retreatment of primary treatment failures, was USD 35 668 and USD 33 026, respectively (Table 3) . Despite the lower ICERs, at the current price, the DAA regimen is not cost-effective as first-line therapy in all modeled scenarios as they all exceeded the WTP threshold.
Discussion
While the introduction of highly effective DAA in recent years has expanded the treatment armamentarium of HCV patients, the prohibitively high cost of DAA remains a barrier for treatment access for HCV patients in Singapore. In this study, we demonstrated that DAA regimens, at their listed prices, are not costeffective for GT3 HCV patients as first-line treatment when compared to PR in Singapore. This is evident from the resultant ICER (USD 449 232/QALY), which exceeded the WTP threshold (USD 53 302/QALY) ( Table 3 ). The prior cost-effectiveness of DAA has been assessed in Singapore among GT1 HCV patients. 25 To the best of our knowledge, this is the first costeffectiveness analysis performed on the treatment of GT3 HCV infections in Singapore.
Our findings suggest that DAA regimens, at their current cost, are not cost-effective for GT3 HCV patients as first-line treatment when compared with PR. We believe this result was obtained because of the high SVR rate of PR treatment among GT3 HCV patients and the high differential prices of DAA in Singapore. Similar SVR rates have been reported in Taiwan and China, with rates ranging from 75 to 84%. 29, 30 Due to the high SVR rates associated with PR treatment, incremental SVR with the use of DAA regimens became marginal. Our findings concur with Moshky and colleagues' finding that DAA is not costeffective as first-line treatment for GT3 HCV patients due to the cost disparity between SOF + DAC + ribavirin and PR. 16 The finding is relevant to many developing countries where the cost of DAA remains a barrier to treatment access, particularly in Southeast Asia, where GT3 is the dominant genotype.
In Singapore, the cost of health care is not fully subsidized by the state or insurer and operates on a copay system. Even though the cost of inpatient health care is partially subsidized by the state, the cost of outpatient care, including the cost of medications, is borne by the patients. Thus, the high cost of DAA can become a barrier to treatment access for HCV patients. We incorporated our real-world treatment costs and outcomes of our study cohort to simulate the typical treatment practices observed in Singapore based on its unique health-care system. To put this in Singapore's perspective, the current cost of achieving an SVR with DAA regimens in Singapore ranges from USD 33 024 to USD 109 274 depending on the regimen choice and duration of treatment. For the purpose of this study, we used SOF + DAC + ribavirin. While the overall treatment cost of a 12-week regimen of SOF + DAC + ribavirin was USD 54 634, the overall treatment cost of a 24-week PR regimen was only USD 23 857. The price difference per course of treatment is USD 30 777, which means that, for every patient treated with SOF + DAC + ribavirin, it would be possible to treat two additional patients with PR for a marginal compromise in SVR.
The study also considered alternative scenarios with regard to the treatment algorithm. At the time of this study, the combination of SOF + VEL was introduced as an option for GT3 at a reduced price of USD 2577/week. In the same period, the cost of PR had been discounted to USD 287/week. We took the opportunity to model this change in the price of DAA and PR. The resultant cost per therapy of attaining an SVR was USD 35 667 for SOF + VEL and USD 17 086 for PR, considering the cost of retreatment. The resultant ICER of USD 271 000/QALY still exceeds the predefined WTP threshold. Removing the cost of retreatment did not influence the cost per SVR or the ICER sufficiently (Table 3 ). This suggests that the reduced cost of SOF + VEL, with and without considering retreatment of SOF + VEL failures, may not be sufficient to support the economic argument of using SOF + VEL regimens for GT3 as first-line therapy.
To determine a price threshold at which DAAs can be considered cost-effective, we performed threshold analysis for ICER. At the WTP threshold equivalent to Singapore's per capita GDP (i.e. USD 53 302/QALY), we found that DAA regimens can be cost-effective when priced under USD 17 002. In conjunction with WHO's vision to eliminate viral hepatitis by 2030, reduction in the cost of DAA regimens will improve access to DAA. Cost reduction in DAA has led to success stories of HCV elimination in countries with higher HCV prevalence, such as Egypt (15%) and Georgia (7%) 31 . As the HCV disease burden in Singapore is much lower, the cost reduction of DAA regimens could make HCV elimination a realistic goal for Singapore.
This study should be interpreted within its context of limitations of retrospective design. First, as the patient selection for HCV treatment is physician-driven, selection bias leading to overestimation the treatment response in the PR group is a concern. The SVR for the DAA cohort is 88.2% because a majority of these patients were cirrhotic. However, it is worth noting that the subjects were comparable between both treatment arms, with most subjects having compensated cirrhosis and none being treatment-experienced (Table 1) . Furthermore, the range of SVRs of the PR group incorporated into the decision tree model was supported by published Asian literature and tested in a robust sensitivity analysis with over 10 000 iterations based on the given SVR range. Second, this study does not take the long-term gains from an SVR into account but, rather, seeks to determine the immediate cost-benefit of a treatment algorithm. This may have resulted in an underestimation of the long-term benefits of DAA to health care. However, several studies support that DAA is not cost-effective as first-line treatment for GT3 HCV patients, even when simulated over a lifetime period. 15, 16 Future economic evaluations that include long-term outcomes are required to verify this finding, particularly among Asian GT3 HCV patients where SVR is generally higher with interferon-based treatment. Third, we did not consider reinfection of HCV in our model. Finally, only direct medical costs were included in our study. Direct nonmedical costs, such as transport and paid caregiving, and indirect costs, such as reduced productivity, were not included in this study. Unlike analysis performed from a societal perspective, whereby there is an obligation to care for patients and society by mitigating the economic impact on a larger scale, this analysis was performed from a payer's perspective, which generally does not include indirect health-care costs. It is important to clarify that this study and its findings do not seek to undermine the value of DAA in treating GT3 HCV. Rather, it seeks to determine the price at which DAA therapy becomes cost-effective, or at the very least cost-neutral, for widespread use. This finding is relevant to many developing countries where the treatment cost of DAA remains a barrier to treatment access for HCV infection. In conclusion, our study demonstrated that, at the present prices outlined above, DAA is not costeffective as first-line treatment for GT3 HCV patients compared with PR. In order for DAA to be cost-effective as first-line therapy, a 12-week course of DAA regimens should cost less than USD 17 002 based on a WTP threshold of USD 53 302/QALY. Revision of current DAA prices will help policymakers implement the widespread nationwide elimination of HCV with a reasonable budget impact. DAA, direct-acting antiviral; ICER, incremental cost-effectiveness ratio; PR, pegylated interferon and ribavirin; QALY, quality-adjusted life year.
